INTRODUCTION
The optics associated with the peripheral retina is poor, largely because of focusing errors in the form of oblique astigmatism and field curvature. A number of studies have measured these aberrations, which when converted to longitudinal aberrations, amount to several diopters 1- 8 . When the periphery is carefully refracted the image quality improves considerably 9-12 .
Little is known about how other aberrations such as spherical-like aberrations and coma-like aberrations vary across the field of vision e.g. do these remain unchanged or increase dramatically with increase in off-axis angle? If they do increase, they may also be significant for visual performance with large pupil sizes. Navarro et al. 13 used their laser ray tracing technique to determine these aberrations for 4 subjects out to 40 degrees in the nasal visual field. A narrow laser beam scanned the eye, and the direction of the reflected light gave the transverse aberrations that were converted into wave aberrations. The root-mean-square of the Zernike wave aberrations higher than the second order increased by a factor of two from fixation out to 40° (6.7 mm diameter pupil).
This suggests that the variation in the higher order aberrations is not dramatic across the visual field.
We have extended the work of Navarro et al. by measuring the peripheral aberrations of the right eyes of five subjects both temporally and nasally along the horizontal meridian using a modified
Hartmann-Shack wavefront sensor technique.
METHODS

Subjects
Subjects were the two authors and three additional subjects. Ages ranged from 31 to 47 years. Only right eyes were used. Spherical equivalent corrections ranged from +1.50DS to -2.00DS, and on-axis astigmatism was 0.75D or less for all subjects. Eyes were dilated with 1% cyclopentolate. Figure 1 shows the apparatus. Light from a 543nm HeNe Laser was spatially filtered and collimated to pass through 1mm diameter aperture A 1 , relay lens pair L 1 and L 2 , and into the eye. Exposure time was 0.5s. Radiant flux in the pupil plane was 8 μW, which gives a safety factor of 100 times 14 .
Hartmann-Shack sensor aberrometry
Fixation target 1 was used for on-axis vision. A bitebar, positioning equipment, infra-red illumination ring and video-camera allowed the eye to be correctly positioned in three dimensions. The eye and lens L 2 acted as a Badal lens system that could be moved to manipulate focus. Light reflected from the retina passed through two pairs of relay lenses (L 2 -L 3 and L 4 -L 5 ), though aperture A 3 , the Hartmann-Shack wave sensor HSWS, and onto a Microview CCD camera. A 3 was conjugate with the retina, and was kept as small as possible to reduce corneal reflection while letting all light from the retina through to the camera. Two crossed polaroids helped also to minimise reflection. Wavefront sensor HSWS was conjugate with the eye pupil, and had a rectangular array of 0.4mm diameter micro-lenses of focal length 24mm (0400-24-S, Adaptive Optics Associates). Because of the limited size of the CCD array (8.98 x 7.2mm), in order to fully sample the aberrations for large pupils, the focal length of L 4 was 120mm as compared with 100mm for L 5 , thus providing a magnification from the eye pupil onto the sensor of 0.833. This altered transverse aberration corresponding to any pupil position, by the same factor. However, wave aberration was unaffected as this is proportional to the rate of change of transverse aberration with change in exit pupil position (equation (1)).
We determined centroids of images using a graphics user interface utility for enhancing and segmenting images.
It was then necessary to match the centroids with those of a reference image. The latter was obtained near the time that the eye image was taken, by using a plane mirror in the position of the eye. This reference image was used, rather than an ideal image, to compensate for any small aberrations in the formed the smallest distance, which had not been matched previously, was matched with that from I eye . Once matching was completed, the pupil radius was determined. The radius was not calculated from I eye , as the positions of its points were aberrated, but from the corresponding points in the nonaberrated I ref .
The process began by finding the convex hull of the matched reference centroids. An eccentric ellipse was fitted in a least squares fit to this set, and from it the pupil center was determined. The pupil radius was the maximum Euclidean distance between the pupil center and all of the matched reference centroids. If we wanted to use a smaller pupil size, which was 3mm radius or 6mm diameter in this study, we started from the determined pupil center and found the subset of reference centroids within the selected pupil. 6 The local slopes, or partial derivatives, of the wavefront were determined from centroids (x a , y a ) of the spots on the CCD camera relative to the sampling co-ordinates (x, y) on the Hartmann-Shack
where f is the focal length of the micro-lenses, and
Co-ordinates (x, y) were obtained from the reference image.
Zernike wavefront aberration polynomials 15 were obtained using a least squares regression. An F-test optimisation routine determined the number of Zernike orders to be used in the fit. Regardless of the fit order indicated, which varied between 4 and 10, a minimum of 6 orders was used so that aberrations could be compared up to the 6 th order for all subjects and visual field positions.
Modifications for peripheral vision
For off-axis aberration measurements, the eye rotated either to right or left. Fixation target 2 was viewed directly for sufficiently large angles for which it could be seen unimpeded, but otherwise it was viewed through mirror PBS 3 ( Figure 1 ). The target was carefully positioned so that the angle was correct. In this configuration, the wavefront sensor remains parallel to the (unaberrated) wavefront.
Measurements were taken in 5° intervals between (-)40° temporal visual field (nasal retina) and (+)40° degrees nasal visual field (temporal retina). Usually three images were taken at each off-axis angle. The image quality corresponding to off-axis vision was sometimes poor, chiefly because of field curvature and oblique astigmatism and it was often necessary to change focus by moving the eye and L 2 together. Defocus was later corrected to the emmetropic focus setting.
Zernike polynomials apply to circular pupils, but off-axis fixation changes these pupils to be close to elliptical pupils as viewed from the Hartmann-Shack array. To ensure that the assumption of circular pupils was maintained, in the procedure to match the spots between the aberrated eye image I eye and the reference image I ref , the eccentric centroid data was transformed into one that was circular, which required stretching the x-axis coordinates of the centroids by an amount equal to 1/cos(θ), where θ was the angle of rotation. x-axis co-ordinates of the Hartmann-Shack array sampling positions and their aberrated positions (x and x a , respectively, in equation (2)) became
This means that fewer points are being sampled as rotation angle increases for a given pupil size.
The pupil radius was determined from the set of modified sampling coordinates (x', y) whose convex hull should now approach a circle. When calculating the lateral shifts, Δx = x' -x' a , Δy = y -y a , between sampling and aberrated spot positions, the x-axis shifts must be corrected for the elongation of their co-ordinates made previously by multiplying them by a factor of cos(θ). We must multiply the x-axis lateral shifts by a further cos(θ) to reduce the effective wavefront slope by a factor equal to the eye's rotation, because the off-axis wavefront is being measured as though it was on-axis. Thus, the lateral shifts used to calculate the local slopes of the wavefront were
from which the partial derivatives of the wavefront were calculated by
Other raytracing
Further raytracing was done into and out of the eye with the unaccommodated variant of Navarro's finite model eye 16, 17 . It has reasonable mean estimates of on-and off-axis aberrations of real eyes 17,18 . 
RESULTS
Figures 2a-e shows root-mean-squared aberrations of Zernike aberration orders for subjects. For each subject, defocus has been modified by the same amount at each visual field angle so that it is zero onaxis. The most noted feature is the asymmetry between temporal and nasal fields for each subject, For comparison with our results, we show the 3 rd -5 th order aberrations of Navarro et al. 13 using laser raytracing along the nasal semi-meridian in Figure 3a . The Navarro results were specified as being for 6.72mm pupils, although the centers of the spots going into the eye give a dimension of 6mm.
Levels of 3 rd order aberration are similar in the two studies, although Navarro et al. had slightly the greater coma in the center of the field and somewhat less in the periphery so that they obtained 2.5
times variation compared with 4.6 times in our study (Figure 2f ). Navarro et al. had 2.8 times increase in 4 th order aberrations across the visual field whereas we found little change. Navarro found an increase in 5 th order across the nasal field, which is higher than we found. It must be remembered that both studies contained only a few subjects. Figure 3b shows 3 rd -6 th order experimental aberrations for Navarro's model eye using a 6mm entrance pupil on-axis (stop diameter 5.39mm). No noticeable difference in results occurred for tracing into or out of the eye. As this model is rotationally symmetrical, neither 3 rd nor 5 th order aberrations occur on-axis. Navarro's model predicts a linear increase in coma with increase in angle, which is greater than our mean value by 10° nasal, and is about 30% greater than our results by 40°
nasal. It shows an increase in 4 th order aberrations, which we did not find, of 2.1 times. Its 5 th and higher order aberrations are negligible.
DISCUSSION
Monochromatic aberrations of the eye that can be corrected by ophthalmic lenses (2 nd order aberrations) have been long studied. Navarro et al. 13 provided the first measure of off-axis higher order aberrations by using a laser raytracing technique. This was done for the nasal semi-meridian of four eyes. They found substantial 3 rd order aberrations that increased with visual field angle. We have reported a study involving 5 eyes, both directions along the horizontal meridian, and a modified version of the Hartmann-Shack technique. We obtained similar results to Navarro et al., but found higher mean levels of 3 rd order aberrations in the nasal visual field and substantial asymmetry in all subjects such that the 3 rd order aberrations were higher in the nasal visual field than in the temporal visual field for all our subjects. Second order aberrations were highly asymmetric, a finding which has been observed frequently in the past 1-8 . For a pupil size of 6mm, aberrations of order higher than the 4 th contributed little in normal eyes to the overall aberrations out to at least ±40°.
We could not measure aberrations at +40° in two of five subjects because of poor image quality.
Improvements could be obtained by placing auxiliary cylindrical lenses conjugate to the eye's pupil at A 2 in Figure 1 , or by using a Hartmann-Shack sensor with a shorter focal length.
Our aberrations were of the order of those of the unaccommodated form of Navarro's schematic eye, and demonstrate again that it provides good approximations to aberrations of real eyes. The experimental results are the means and standard deviations for 4 subjects, except at 5° for which only 3 subjects were measured. 
